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Abstract  
Metal-organic framework (MOF) UiO-66 nanocrystals were previously believed to be 
piezo/ferro-electrically inactive because of their centrosymmetric lattice symmetries (Fm-3m 
(225)) revealed by Powder X-ray diffraction. However, via delicate dual AC resonance 
tracking piezoresponse force microscopy and piezoresponse force spectroscopy 
characterizations, our nanoscale probing for the first time demonstrate that UiO-66 
nanocrystals show piezo/ferro-electric response. Our compelling experimental and 
theoretically analyses disclose that the structure of UiO-66 should not be the highly 
centrosymmetric Fm-3m (225) but a reduced symmetry form instead. UiO-66(Hf)-type MOFs 
possess stronger piezoresponse and better ferroelectric switching behaviours than their 
counterparts UiO-66 (Zr)-type MOFs. Our study not only enriches the structural 
understanding of UiO-66 MOF, but also suggests possible modification of electronic property 
of the MOFs by judicious selection of metal ions and functional ligands.  
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Introduction 
Piezoelectric depicts the ability of  materials that can convert mechanical energy to 
electrical energy and vice versa.1  In general, piezoelectric materials have a non-
centrosymmetric crystalline structure, which gives rise to the dielectric polarization when 
subject to stress. Ferroelectric arises when piezoelectric materials are capable of developing a 
spontaneous and reversible dielectric polarization. These materials serve as a fundamental 
element of electronic devices, micro-mechanics and memories,2, 3, 4, 5, 6, 7, 8 such as actuators, 
MEMS, electro-optics, cooling and electron emitters and FeRAM (Ferroelectric random 
access memory), etc. In addition, the dependence of piezo/ferro-electric properties on the 
symmetry group provides an effective criterion to distinguish the crystalline structure with or 
without centrosymmetric. 
The UiO-66, the prototype of zirconium-based metal−organic frameworks (MOFs), is 
featured by unprecedented stability, accessible fabrication, high surface area (up to 7000 
m2/g)9, tunable pore aperture (up to 98 Å)10 and crystal density (as low as 0.13 g/cm3)11. It 
exhibits brilliant prospects in gas storage and separation,12, 13 catalysis,14, 15 chemical 
sensing,16 drug delivery,17 and photochemical application,18, 19, 20 and more. By Powder X-
Ray Diffraction (PXRD) measurement, the UiO-66 was thought to be highly centrosymmetric 
[Fm-3m (225)].21, 22 However, the precision of PXRD may be not enough to identify the 
small motifs and slight structure distortions in UiO-66. Besides, although the perfect UiO-66 
crystal has a 12-connected framework structure, it was proposed a number of missing-linker 
were always present as evidenced by thermogravimetric analysis.23, 24 Recently, De Vos et al. 
have theoretically indicated that the properties of UiO-66 can be altered remarkably by the 
missing-linker and structural distortion.25 Combing Extended X-Ray Absorption Fine 
Structure (EXAFS) analysis and ab initio calculations, the low symmetric structure [F-43m 
(216)] was proposed for the structures of UiO-66.23  
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However, the crystal structure of UiO-66 is still commonly used in the following 
theoretical [F-43 (216)]23, 26, 27 and experimental works [Fm-3m (225)]22, 23, 28. Further 
straightforward and convictive experimental observations are necessary to identify the real 
crystal structure of UiO-66. Obviously, highly centrosymmetric Fm-3m (225) must be 
piezo/ferro-electrically inactive, while lower symmetric structures such as F-43m (216) may 
be piezo/ferro-electrically active. Therefore, piezo/ferro-electric response observation may be 
a cogent external method to verify the crystalline structure.  
Beyond the fundamental understanding of crystal structure of UiO-66, the inorganic-
organic hybrid ferroelectrics have emerged as a new research frontier in materials science 
recently. Compared to conventional ferroelectrics, inorganic-organic hybrid ferroelectrics 
combine the advantages of both organic linkers, such as straightforward synthesis and easily 
tailored molecular structure, and inorganic bricks, and thus have  favourable chemical, 
thermal and mechanical stabilities.29 it is noted that by tuning the reaction conditions, one can 
easily design the desired coordination frameworks and obtain a large number of coordination 
polymers,30 paving the way to develop new high-performance functional materials in the near 
future. For example, hybrid perovskite methylammonium lead trihalide (MAPbX3) thin films 
provide an alternative but exhilarating solution for high-performance ferroelectric solar cells 
beyond inorganic ferroelectric oxides.31 Coordination polymers with dynamic micropores 
coupled with guest occlusion are found to be promising materials for applications in sensors 
and actuators. However, current research on UiO-66 ferroelectrics is still largely unexplored.  
The Dual AC Resonance Tracking Piezoresponse Force Microscopy (DART-PFM)32 
and Piezoresponse Force Spectroscopy (PFS)33 are the emerging techniques that can be 
employed to measure the piezo/ferro- electric property of materials at the nanoscale. PFM as 
well as its spectroscopic mode have been applied to characterize a wide range of materials, 
including thin films,34, 35 nanowires,36 nanoparticles37 and other confined systems,38, 39 etc. To 
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the best of our knowledge, PFM and PFS have rarely been applied to characterize the 
piezo/ferro-electric properties of MOFs. Our recent work has adopted DART-PFM and PFS 
to successfully reveal that the nanoscale piezo/ferro-electric active behavior of NUS-6 MOF 
is due to a charged asymmetric crystal structure caused by the consistence of missing ligands 
and clusters.40 Apart from experimental works, calculating Born effective charge tensor is 
one of the most widely acknowledged methods for ferroelectric phases exploration of 
crystalline materials.41, 42, 43 At present stage, the first-principles strategy on MOFs 
ferroelectricity remains quite limited because of large demand of computing capacity, 
especially for the MOFs with large atomic numbers.44, 45 In this study, we explore the 
piezo/ferro-electric behavior of UiO-66-type MOFs using DART-PFM and PFS incorporated 
with first-principles calculations. The unexpected piezo/ferro-electricity is observed in both 
UiO-66(Hf/Zr) MOFs, verifying the lower crystalline symmetry. Besides, both experimental 
observation and first-principles calculations indicate that the UiO-66(Hf)-type MOFs exhibit 
stronger piezo/ferro-electric responses than those of the UiO-66(Zr)-type MOFs. These 
results imply that a change of the inorganic metal modes and organic linkers can effectively 
tune piezo/ferro-electric responses of the UiO-66 MOFs, which may lead to versatile 
piezo/ferro-electrics. 
 
Results  
DART-PFM measurements on UiO-66-type nanocrystals.  
For DART-PFM measurements, a driving voltage of 5 V is applied on the conductive 
probe (240AC-PP, OPUS, CA, USA). The DART-PFM images of four UiO-66(Hf)-type and 
four UiO-66(Zr)-type MOFs (Supplementary Fig. 1) nanocrystals are shown in Figs. 1 and 2, 
respectively. 
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Figure 1. DART-PFM images of UiO-66(Hf)-type nanocrystals. a-d Topography images and 
e-h DART-PFM amplitude images. a, e UiO-66(Hf), b, f UiO-66(Hf)-NH2, c, g UiO-66(Hf)-
(OH)2, and d, h UiO-66(Hf)-(COOH)2. 
 
Figure 2. DART-PFM images of UiO-66(Zr)-type nanocrystals. a-d Topography images and 
e-h DART-PFM amplitude images. a, e UiO-66(Zr), b, f UiO-66(Zr)-NH2, c, g UiO-66(Zr)-
(OH)2, and d, h UiO-66(Zr)-(COOH)2.  
 
From the topography images (Figs. 1a-d and Figs. 2a-d), it can be seen that the sizes 
of the UiO-66(Hf/Zr) MOF nanocrystals are approximately 100 ~ 200 nm with mild 
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variations. Besides, from the PFM amplitude images (Figs. 1e-h and Figs. 2e-h), it is 
conspicuous that both UiO-66(Hf)- and UiO-66(Zr)-type nanocrystals exhibit piezoresponse 
with the amplitude of several 102 picometer (pm) under the applied voltages. From those 
DART-PFM amplitude images (Figs. 1e-h and Figs. 2e-h), the non-uniform piezoresponse 
distribution in each nanocrystal can also be clearly seen, suggesting possible structural 
anisotropy within the UiO-66(Hf/Zr)-type MOFs nanocrystals. The PFM amplitudes of UiO-
66(Hf)-type nanocrystals are approximately in the ranges of 6.5-97.5 (UiO-66(Hf)), 5-115 
(UiO-66(Hf)-NH2), 5-155 (UiO-66(Hf)-(OH)) and 0.61-261 pm (UiO-66(Hf)-(COOH)2) 
(Figs. 1e-h), respectively. While the ranges of PFM amplitudes for Zr-based UiO-66 are 
approximately 2-42 (UiO-66(Zr)), 33-87 (UiO-66(Zr)-NH2), 5.38-115 (UiO-66(Zr)-(OH)2) 
and 21.5-123 pm (UiO-66(Zr)-(COOH)2), respectively (Figs. 2e-h). Obviously, the UiO-
66(Hf)-type nanocrystals show larger piezoresponse with the maximum PFM amplitude of 
97.5-261 pm, compared to the maximum amplitude (42-123 pm) in the UiO-66-Zr-type 
nanocrystals under the same driving voltages. It is worthy to notice that the UiO-66(Hf/Zr)-
type MOFs with functional groups -NH2, -OH, and -COOH tend to show larger 
piezoresponse than that of the corresponding pristine MOFs. This may be due to the fact that 
the permanently charged functional groups, such as -COOH, -NH2 and phenolic -OH, can 
increase the polarity of  the overall structures.46  
 
PFS measurements on UiO-66-type nanocrystals.  
The PFS driving voltage applied is comprised of an ac voltage (5V: PFM driving 
amplitude) coupled with a specific dc voltage. The recorded four cycles butterfly-shaped 
amplitude loops and the corresponding phase loops of UiO-66-type MOFs nanocrystals at 
low (Vdc=0) state are shown in Supplementary Fig. 2. 
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Figure 3. Ferroelectric hysteresis loops (PR loops) in PFS measurements. a UiO-66(Hf), b 
UiO-66(Hf)-NH2, c UiO-66(Hf)-(OH)2, and d UiO-66(Zr)-(OH)2. All the PR loops are non-
symmetric and shifted along the voltage axis. 
 
All the UiO-66(Hf)-type MOF nanocrystals demonstrate delicate butterfly-shaped 
amplitude loops (Supplementary Figs. 2a, c, e and g) and corresponding phase loops 
(Supplementary Figs. 2b, d, f and h). Whereas for UiO-66(Zr)-type MOF nanocrystals, only 
UiO-66(Zr)-NH2 and UiO-66(Zr)-(OH)2 show the butterfly-shaped amplitude loops 
(Supplementary Figs. 2i and k) and corresponding phase loops (Supplementary Figs. 2j and l). 
After calculation of PR loops from amplitude butterfly (A) and phase loops (ϕ) [PR loops: 
PR= A×cos(ϕ)] (Supplementary Fig. 2), it is noticed that UiO-66(Hf)-(COOH)2 and UiO-
66(Zr)-NH2 have no ferroelectric polarization switching behaviors since their ferroelectric 
  
9 
 
hysteresis loops (PR loops) only remain at the positive level (PR > 0) (Supplementary Fig. 3). 
For UiO-66(Zr) and UiO-66(Zr)-(COOH)2 nanocrystals, neither piezoelectric butterfly nor 
phase loops can be detected. 
 In addition, Fig. 3 shows the PR loops obtained from UiO-66(Hf), UiO-66(Hf)-NH2, 
UiO-66(Hf)-(OH)2 and UiO-66(Zr)-(OH)2 nanocrystals. It can be seen that the PR loops are 
non-symmetric and shifted along the voltage axis, indicating that internal bias exist due to the 
aligned dipoles.47 In the structures of UiO-66(Hf/Zr)-type MOFs, the metal (Hf/Zr)-Oxygen 
coordination system is supposed to act as active dipoles.51 Indeed, it was found that non-
covalent bonds have the polar nature because of the asymmetry of electron density 
configurations when two or more molecules interact with each other.48 For UiO-66(Hf)-type 
MOFs, UiO-66(Hf), UiO-66(Hf)-NH2, UiO-66(Hf)-(OH)2 all show exquisite PR loops under 
the driving voltage of 30V (Fig. 3a), 10V (Fig. 3b) and 15V (Fig. 3c). However, for UiO-
66(Zr)-type MOFs, only UiO-66(Zr)-(OH)2 shows barely satisfactory PR loop (Fig. 3d) under 
a very large driving voltage (216V).  
 
Polarization calculations of UiO-66.  
In the calculation, primitive cell of UiO-66(Hf/Zr) including 114 atoms are adopted 
instead of the unit cell (456 atoms) in order to simplify the calculation processes. The unit 
cell of UiO-66(Zr) is also calculated, and the result is consistent with that of primitive cell. 
The primitive cell volumes (Ω) of UiO-66(Hf) and UiO-66(Zr) turn to be 2273.04 Å3 and 
2306.89 Å3 after structural optimizations. Figure 4 shows the primitive cells (Figs. 4a and b) 
and optimized unit cell structures (Figs. 4d and e) of UiO-66(Zr) and UiO-66(Hf), 
respectively. The corresponding secondary building units (SBUs) depict the intrinsic 
difference of metal-oxygen bonding (Fig. 4c), demonstrating the shorter bond length of the 
Hf-O than that of the Zr-O. After structure relaxation, the lattice symmetries of both UiO-
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66(Zr) and UiO-66(Hf) are the F-43m (216), in agreement with previous proposed 
structures.23 
 
Figure 4. The structural descriptions. a, c, d UiO-66(Zr) and b, c, e UiO-66(Hf). a-b 
Primitive cell, c Secondary building unit, d-e Optimized unit cell. 
 
The calculated Born effective charge Z*42, 43, 49 tensors for both UiO-66(Hf) and UiO-
66(Zr) are in forms of asymmetric full matrix due to the low symmetry of optimized 
structures of face-centred cubic structure (FCC) F-43m (216).26 For instance, 
 
*
109
4.26371 0.00000 0.00000
( ) 0.00001 5.21418 0.36317 ,
0.00004 0.36314 5.21406
HfZ
 
 
   
   
 *
109
4.34547 0.00000 0.00000
(Zr) 0.00086 5.12270 0.38090 .
0.00115 0.38098 5.12308
Z
  
 
   
   
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Herein, the number 109 indicates the atom index of Hf or Zr atom. Table 1 shows the 
results of Born effective charge Z* and polarization distance Δu of Hf and Zr atoms in the z 
direction. The Born effective charge Z* tensors for each atom in UiO-66(Hf) and UiO-
66(Zr)’s primitive cells are available in the Supplementary Tables 1 and 2. While the Born 
effective charge Z* and polarization distance of other comprising atoms (C, H, O) in UiO-
66(Hf) and UiO-66(Zr) in the z direction are listed in Supplementary Tables 3 and 4. It is 
clear that the Born effective charge Z*of Hf is slightly larger than that of Zr. Furthermore, 
particularly, the polarization distance Δu of UiO-66(Hf) is almost twice than that of UiO-
66(Zr). 
 
Table 1. Born effective charge Z* and polarization distance Δu data of Hf/Zr in UiO-66. 
 Atom 
i 
Polarization distance 
∆u 
Born effective charge 
Z* 
ionic 
 
 
 
 
 
Hf 
109 0, 0, -0.431  0.000,  -0.363,   5.214 12 
110 0, 0, -0.431 
 
 0.000,    0.363,   5.214 12 
111 0, 0, -0.431 
 
-0.363,  -0.000,   5.214 12 
112 0, 0, -0.431 
 
 0.363,    0.000,   5.214 12 
113 0, 0, -0.431 
 
 0.000,    0.000,   4.264 12 
114 0, 0, -0.431   0.000,    0.000,   4.264 12 
 
 
 
 
       Zr 
109 0, 0, -0.268  -0.001,  -0.381,   5.123 12 
110 0, 0, -0.268   0.001,   0.381,   5.123 12 
111 0, 0, -0.268 -0.381,  -0.001,   5.123 12 
112 0, 0, -0.268  0.381,    0.001,   5.123 12 
113 0, 0, -0.268  0.000,    0.000,   4.347 12 
114 0, 0, -0.268 -0.000,    0.000,   4.341 12 
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The calculation results show that the Born effective charges Z* of the six Hf/Zr atoms 
have different values in the z direction, demonstrating the presence of atomic geometry 
distortions.42 The calculated polarization changes (∆P)42 of the six Hf atoms (i=109, 110, 111, 
112, 113, 114) in the primitive cell structure of the UiO-66(Hf) are specifically -0.190, -0.190, 
-0.190, -0.190, -0.155, and -0.155 eÅ, and the calculated polarization changes (∆P) are -0.114, 
-0.114, -0.114, -0.114, -0.097, and -0.097 eÅ for the six Zr atoms (i=109, 110, 111, 112, 113, 
114) in the UiO-66(Zr), respectively.  
 
Figure 5. Polarization changes ∆P of the four atoms of UiO-66(Zr) and UiO-66(Hf). 
 
Figure 5 shows the total polarization changes (∆P) of the four comprising atoms for 
UiO-66(Hf) and UiO-66(Zr). The absolute value of total polarization change |∆P| of Hf is 
found to be |1.070| eÅ, which is |0.419| eÅ larger than that of Zr (|0.651| eÅ). Here, the sign 
of polarization indicates the polarization direction. Similarly, the total polarization change 
|∆P| of O atoms in UiO-66(Hf) (|1.408| eÅ) is also |0.022| eÅ larger than that of the UiO-
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66(Zr) (|1.386| eÅ). The total polarization changes |∆P| of the C (|0.041| eÅ) and H (|0.00052| 
eÅ) atoms in the UiO-66(Hf) are found to be also slightly larger than those of C (|0.040| eÅ) 
and H (|0.00051| eÅ) in UiO-66(Zr).  
 
Discussion 
According to our DART-PFM experiments, most assuredly, both UiO-66(Hf) and 
UiO-66(Zr) MOFs possess remarkable piezoresponse, while MOFs with Hf as the metal 
nodes have a generally larger piezoresponse than those with Zr. The existence of butterfly-
shaped amplitude loops and the corresponding phase loops in the PFS experiments confirm 
the piezoresponse and the rotation of the charged dipole, respectively.50, 51 It has been 
reported that the calculated PR loops are in good agreement with macroscopic P-E tests.52 
The calculated PR loops demonstrate that UiO-66-type MOFs evidently possess ferroelectric 
hysteresis switching behavior, while the ferroelectric response of UiO-66(Hf)-type MOF is 
stronger than that of the UiO-66(Zr)-type MOF nanocrystals. These PR loops observations 
further conclude that the UiO-66 (Hf/Zr) nanocrystals should not have the Fm-3m (225) 
structures according to the DART-PFM and PFS results because such a highly 
centrosymmetric crystal structure has no piezo/ferro-electricity literally. Considering the PR 
loops in PFS experiments probed in the z direction (same direction as applied electric field), 
the polarization changes in the z direction are mainly concerned in the first-principles 
calculations. Comparing all the four different elements, it can be seen that the transition metal 
ion Hf/Zr and O hold the major part of the polarization changes in both of the UiO-66(Hf/Zr). 
The total polarization change of UiO-66(Hf) is larger than that of its counterpart UiO-66(Zr). 
Thereby, these findings indicate that the bond polarity tends to affect the ferroelectric 
polarizations. This is in excellent agreement with the fact that non-covalent bonds are 
generally polar because of the asymmetric electron density.46 For example, the polarity of Hf-
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O bond is found to be much larger than that of the Zr-O bond by the studies on NU-1000(Hf) 
and NUS-6.40, 53 Therefore, it is reasonable to propose that UiO-66(Hf)  has stronger 
ferroelectric polarization behaviour than that of the UiO-66(Zr) due to the larger local 
polarity of the Hf-O bond in the frameworks. 
In summary, we have experimentally probed the nanoscale piezo/ferro-electric 
behaviours and theoretically explained the underlying polarization mechanism residing in 
UiO-66-type MOFs. For the first time, it is found that both the UiO-66(Hf)-type and UiO-
66(Zr)-type nanocrystals demonstrate certain piezoelectricity. These findings evidently 
pinpoint the likely low symmetric lattice (F-43m, 216) in real UiO-66 MOF instead of the 
highly centrosymmetric Fm-3m (225). Besides, UiO-66 (Hf)-type MOFs show stronger 
ferroelectricity than that of the UiO-66 (Zr)-type nanocrystals. To unravel the underlying 
mechanism, first-principles calculations have been performed on the UiO-66 MOFs. The 
calculated Born effective charges as well as the polarization changes of the atoms in the UiO-
66(Hf) are larger than those in the UiO-66(Zr), which are in good agreement with the DART-
PFM and PFS experimental results. Based on the systematic exploration of the piezo/ferro-
electric properties of UiO-66-type MOFs, this work has disclosed the crystalline structure and 
underpin the essentials of the polar coordination bonds in designing novel ferroelectric MOFs. 
Moreover, it is suggested that the polarization of MOFs can be improved by judicious 
selection of transitional metal ions to form more polar bonds and localized electronic 
structures in their low symmetric crystals. 
 
Methods 
Sample preparation 
The synthesis process of UiO-66-type nanocrystals can be found in Supplementary 
Note 1 and 2. Around 10 mg UiO-66-type MOF powder was dispersed into 20 mL ethanol.54 
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After mild sonication, 100 μL of the resultant colloidal solution was pipetted onto clean 
silicon wafer substrate with Platinum (Pt) coating.54 PFM and PFS measurements were 
conducted after the substrate was dried out at 80°C for 2 hours. 
 
DART-PFM measurements 
PFM is one of the most widely used scanning probe microscopy (SPM) method for 
characterizing the piezoelectric property of materials.55 PFM is capable of monitoring the 
surface displacement induced by electric bias of piezoelectric materials. During the 
measurements, an ac voltage is applied to the conductive tip which contacts with the sample 
surface. The bias induced deflection of cantilever is detected by a laser beam on a four-
quadrant photodiode.  
DART-PFM technique uses a feedback loop to adjust the drive frequency of the 
cantilever to match the contact resonance frequency. Two frequencies across the resonant 
frequency with the same amplitudes are set as monitoring targets. As shown in 
Supplementary Fig. 4b, the resulting amplitudes (A1 and A2) are no longer the same when the 
resonant frequency shifts. The amplitude A1 shifts downward to A1' and A2 moves to A2'. The 
feedback loop is responded by changing the drive frequency until the shift of A2-A1 signal is 
zero again.56, 57 
In this work, DART-PFM measurements based on commercial scanning probe 
microscopy system (MFP3D-SA, Asylum Research, USA) are systematically conducted to 
unravel the piezoelectricity of UiO-66-type MOF nanocrystals under ambient air condition 
(50% ~ 60% relative humidity and room temperature). 
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PFS measurements 
PFS is the technique to acquire the local PR loop from the surface of ferroelectric 
materials. In PFS, the conductive tip approaches the sample surface vertically (z direction). A 
deflection set point (trigger force) is used as the feedback. When the set point is reached, both 
amplitude and phase response loops are acquired by swept the bias.40 
The switching bias applied to the conductive tip comprises a dc part (Vdc (t)) and an ac 
part (Vac) (Supplementary Fig. 5). The Vac is the same as the PFM bias. The Vdc (t) is 
comprised of a sequence of pulses with time length of τ1 (high state or dc-on) separated by 
intervals of zero bias with time length of τ2 (low state or dc-off). The waveform has an 
envelope specified by a triangular wave with maximum amplitude Vmax and time periodic T.  
In this work, PFS measurements are conducted on the scanning probe microscopy 
system (MFP3D-SA, Asylum Research, USA) to unravel the ferroelectricity of UiO-66-type 
MOF nanocrystals under ambient air condition (50% ~ 60% relative humidity and room 
temperature). 
 
Born effective charges and polarization changes by first-principles calculations  
The models of UiO-66(Hf/Zr) were established using software Materials Studio58 
2016 (Accelrys, San Diego, CA). First-principles calculations implemented in the Vienna ab-
initio simulation package (VASP)59, 60 was used to fully relax the UiO-66(Hf/Zr) for both 
lattice and ion positions. Generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) functional61 was used to describe the exchange-correlation 
interaction. The core electrons were descripted by the Projector-augmented wave (PAW) 
technology.62 A plane-wave basis kinetic energy cutoff was 500 eV. The convergence 
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criterion of 10-5 eV and  10-8 eV were used in the structural relaxtion and properties 
calculations. 
The polarization change ∆P is theoretically defined as42  
*( ) (0) ( , )
i
e
P P P Z i u u    

 , 
where ∆u, 0, τ, i, and Ω correspond to the polarization distance, starting structure, ending 
structure, atom index and volume of unit cell respectively. 
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